The scale-rich spatiotemporal organization in biological membrane dictates the "molecular encounter" and in turn the larger scale biological processes such as molecular transport, trafficking and cellular signalling. In this work, we explore the degeneracy in lateral organization in lipid bilayer systems from the perspective of energy landscape theory. Our analysis on molecular trajectories show that bilayers with lipids having in-vivo characteristics have a highly frustrated energy landscape as opposed to a funnel-like energy landscape in in-vitro systems. Lattice evolution simulations, with Hamiltonian trained from atomistic trajectories using lipids topology and non-affine displacement measures to characterize the extent of order-disorder in the bilayer, show that the inherent frustration in in-vivo like systems renders them with the ability to access a wide range of nanoscale patterns with equivalent energy penalty. We posit that this structural degeneracy could provide for a larger repository to functionally important molecular organization in in-vivo settings. * To whom correspondence should be addressed 1 From the emerging field of lipidomics research, it is now known that there are more that 37,500 unique lipid species in Eukaryotic and Prokaryotic cells. The plasma membrane itself has more than 500 different molecular species of lipids. show non-random demixing and phase separation in both in-vitro and in-vivo scenarios.
From the emerging field of lipidomics research, it is now known that there are more that 37,500 unique lipid species in Eukaryotic and Prokaryotic cells. The plasma membrane itself has more than 500 different molecular species of lipids. [1] [2] [3] [4] [5] One of the fundamental questions in the field is "Why are there so many lipids" ? 6, 7 From being considered simply as a "selectively permeable barrier" made up of lipid bilayer, [8] [9] [10] it is now well established that lipids in biological membrane have a wide range of functional roles. 11-15 Lipid environments modulate innumerable biological processes [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] and in certain cases, specific lipids are critical for a given biological function. For example, protein p24 in COPI machinery recognizes a single sphingolipid species to induce oligomerization and vesicle transport in the ER. 28 Another example in which lipids play a crucial role is that of the very rare highly phosphatidylinositol lipid which drive activation of K+ channels 29, 30 besides several other biological functions by specific interactions. 31, 32 In all the examples discussed above, lipid interactions range from being extremely non-selective to highly discriminating [33] [34] [35] and such a range of interaction is possibly facilitated by their large diversity and chemical complexity.
Though the rationale behind diversity in lipid structures in biological membranes is appreciated from the examples related to the folding, dynamics and functions of membrane show non-random demixing and phase separation in both in-vitro and in-vivo scenarios.
44-48
However, unlike the simple binary alloy mixtures that show phase co-existence consisting of isolated 'A rich' and 'B rich' regions at thermal equilibrium, lipid mixtures show a plethora of interesting lateral organization, which can be attributed to the complex molecular interactions arising from differences in chemical structures of the lipid species. 69 The degeneracy in membrane lateral structure could be an evolutionary design principle that maximizes functional output with a given set of lipid species.
In this work, we focus on degeneracy in lateral organizations using three model ternary indicating frustration in this system. 86 Hence, presence of multiple minima of similar energies allows for a higher variability in lateral organization patterns with similar energy penalty.
We propose that propensity of PSM/POPC/CHOL system to have a wide array of minimum energy states favours selection of these lipids in natural system over others in the huge milieu of possible lipid structures. In short, we find that the interaction energy landscapes in ternary lipid systems ranges from funnel like for systems with in-vitro like compositions to frustrated for systems with in-vivo like compositions.
To test preliminary hypothesis regarding patterns formed in lateral organizations in the three ternary lipid mixtures, we evolve a lattice model with a Hamiltonian that is trained from the all-atom (AA) trajectories data. The ternary lipid systems are mapped to a lattice model where each lattice site is assigned a χ 2 value from a chosen distribution (figure S3).
Interaction energy between a pair of nearest neighbour sites is written as
, where i, j are the first four nearest neighbours on the lattice configuration. The interaction energy profiles are made continuous by performing a cubic interpolation across energy values for sites within a cut-off of 14Å. Interaction energies for lipid pairs separated by a cut-off of greater than 14Åis set to a higher disallowed energy value. The profiles thus generated for pairs of lipids are shown in Figure 2 . We use enthalpic interaction energies to dictate lateral organization in the lattice model for the three ternary lipid systems with the assumption that phase separation in lipid mixtures at a given temperature are predominantly enthalpy driven.
Details of lattice evolution performed using simulated annealing Monte Carlo algorithm in the provided in the SI. While the equilibrium organization in AA system is fairly well re- 
90-92
We wanted to look into the sensitivity towards variety in lateral organization patterns as a function of lipid composition. Here we speculate that that are physiologically more relevant system would have access to a higher repertoire of molecular-scale lateral organizations as a function of their composition. Towards this, the ratio of saturated and unsaturated lipids is varied in the lipid mixtures as shown in figure S7 and the geometries of resultant clusters upon lattice evolution are recorded. Figure S8 shows that this ability to shuttle between different patterns of lateral organizations is clearly absent in DPPC/DOPC/CHOL system. 
93? ,94
Reverse scenario of protein preferentially partitioning into either
junction of a phase coexisting system is also observed. 95, 96 Stretching this observation further, we suggest that each of the cluster geometries in the lateral organization patterns can be considered to be a "recognition motif" or "signalling platform" similar to special stretches of amino acid sequences in proteins. The ability of physiologically relevant lipid composition mixtures to shuttle between a large number of lateral organization patterns enlarges the possible "query" space of recognition motifs. Though speculative, we believe the hypothesis can be tested in near future with the fast-evolving super-resolution imaging methods that are constantly pushing the boundaries of spatial and temporal resolutions of imaging and diffusion measurements on cell membrane.
97,98
7 The systems were simulated using CHARMM36 force field [3] in NPT ensemble. Since all the three AA systems have symmetric membrane, the analysis was performed on one of the monolayers for each system.
Non-affine measurements in ternary lipid systems
Measure of non-affiness in the topological rearrangements (χ 2 ) of lipid sites of an evolving system is a quantification of degree of non-uniform strain propagation in its local environment. In our previous work we have shown that χ 2 can be used as a measure of "orderliness" in lipid systems [4] . The non-affine parameter characterizes the local environment of the lipid species. The formalism used to measure χ 2 is similar to that used in the original work by Falk and Langer in 1998 [5] :
where the indices i and j run through the spatial coordinates for dimension d and n runs over the N lipids in the neighbourhood Ω, defined within a cutoff distance around the reference lipid n = 0. We define Ω to be the distance till second shell in the radial distribution of P atom sites -14Å. δ ij is the Kroneker delta function. ij is the strain associated with the maximum possible affine part of the deformation and thus, minimizes χ 3 Comparison of χ 2 against S cd and φ 6 order parameters
To highlight the advantage of using χ 2 over existing characterization parameters to identify molecularlevel phase co-existence in the CG and AA systems, we calculate hexatic order parameter (φ 6 ) (for CG and AA systems Figure S4a ) and deuterium order parameter (S cd ) (for AA systems Figure S4b ) and compare it to phases identified by χ 2 characterization. φ 6 is calculated for the six nearest neighbours of the central atom. Its given as [6] :
here θ lj is the angle between reference axis and a vector connecting particle l to particle j and the summation j ∈ nn(l) is over the six nearest neighbours of particle l. Ψ is unity for a perfectly hexagon packing and zero when hexagonal packing is completely absent.
S cd , measure the flaccidity of the lipid alkyl chain tails, is the second order Legendre polynomial P 2 (cosθ):
here θ is the angle between C-H bond vector and the bilayer normal and angular brackets denote ensemble average. S cd values range between 1 (highly ordered) to -0.5 (disordered). Calculation of S cd requires the knowledge of position of all the C-H vectors of the alkyl chain while calculating χ 2 requires the position of any site from each lipid monitored with time. Hence χ 2 has a dynamic nature hidden in its formalism. 
Curating interactions from AA trajectories and mapping it to higher dimensions
To understand the driving force behind these complex organization patterns, lipid interaction energies are calculated by re-running long trajectories of atomic resolution systems simulated using CHARMM36
force field for lipids [3] using the re-run utility on Gromacs 5.1.2 [7] . Interaction energies including van der Waals and electrostatic contributions, for each lipid is calculated within a cut-off of 14Å, involving lipids present within the second nearest neighbour distance of the reference lipid. Figure S1b 
Lattice evolution
Regular simulated annealing (SA) algorithm is used for lattice evolution of these systems with continuous energy landscapes [8] . SA is a useful optimization method for these systems with continuous energy 
